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The planar near-field measurement 
technique is a proven technology for 
measuring ordinary antennas operating 
in the microwave region. The develop- 
ment of very low-sidelobe antennas 
raises the question whether this tech- 
nique can be used to accurately mea- 
sure these antennas. We show that data 
taken with an open-end waveguide 
probe and processed with the planar 
near-field methodology, including probe 
correction, can be used to accurately 
measure the sidelobes of very low-side- 
lobe antennas to levels of -55 dB to 
-60 dB relative to the main beam 
peak. A special probe with a null in 
the direction of the main beam was 
also used for some of these measure- 
ments. This special probe reduced some 
of the measurement uncertainties but 



increased the uncertainties due to 
probe-antenna interactions. We discuss 
the major sources of uncertainty and 
show that the probe-antenna interaction 
is one of the limiting factors in making 
accurate measurements. The test an- 
tenna for this study was a slotted- 
waveguide array whose low sidelobes 
were known. The near-field measure- 
ments were conducted on the NIST 
planar near-field facility. 
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1. Introduction 

This paper describes the efforts of several groups 
of scientists and engineers to determine the side- 
lobes of a very low-sidelobe array antenna using 
the near-field technique and to quantify the uncer- 
tainties. More than 20 years ago the National 
Institute of Standards and Technology (then the 
National Bureau of Standards) [1-3] and other 
laboratories [4] developed the theory and basic 
measurement methods for using the planar near- 
field (PNF) technique to determine the far field of 
antennas. Newell and Crawford [5] compared the 
far fields of array antennas obtained using near- 
and far-field measurement techniques. This com- 
parison indicated that there was good agreement 



between the directly measured far field and the far 
field as determined using the near-field technique. 
Nevertheless, little has been reported on the effec- 
tiveness of using the near-field technique to deter- 
mine the far-field patterns of a very low-sidelobe 
antenna. 

In Sec. 2 we describe the experiment, including 
a description of the array, the design of a special 
probe, and a description of the near-field measure- 
ment facility. Section 3 describes the diagnostic 
tests and Sec. 4 describes the final measurement 
results. In Sec. 5 we evaluate the uncertainties. In 
Sec. 6 we discuss possible future research. Finally, 
in Sec. 7 a summary is given. 
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2. Design of Experiment 

2.1 Purpose of Experiment 

This experiment had three objectives. The first 
was to determine whether the PNF technique could 
be used to accurately measure low-sidelobe arrays. 
In order to determine this, two low-sidelobe arrays, 
the Ultra-Low-Sidelobe Array (ULSA) and the 
Airborne Warning and Control System Array 
(AWACS), were measured using the PNF tech- 
nique. 

Second, we wanted to show that the PNF analy- 
ses of Yaghjian [6] and Newell [7] were applicable 
to low-sidelobe arrays. We did this by purposely in- 
ducing certain errors in some of the measurements 
and comparing their measured effect with the effect 
predicted by theory. We also estimated the total ex- 
pected uncertainties for this experiment. By com- 
paring the final far field determined from the PNF 
technique to that determined using the far-field 
technique, we show that the differences are within 
what is expected from these analyses. 



Finally, we investigated methods of reducing the 
effects of uncertainties. In particular, we showed 
that a difference (A) probe with a null in the direc- 
tion of the main beam of the antenna under test 
(AUT) can be used to reduce the effects of some 
uncertainties. 

2.2 Description of the Arrays 

An S-band ULSA was used as the primary test 
antenna for this project. This antenna consists of 
eight equal-length slotted waveguides, fed at one 
end by a resonant waveguide manifold and termi- 
nated at the other end by high quality matched 
loads. The waveguide feed manifold has eight iden- 
tical slotted T-junctions, fed in groups of four from 
each end of the vertical manifold waveguide which 
has a short circuit at its center. As illustrated in 
Fig. 1, the ULSA has a rectangular aperture 
(4.8 mxO.4 m), and is designed for a -60 dB 
Chebyschev azimuth pattern with uniform illumina- 
tion in elevation. 




Fig. 1. The ULSA array. 
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An azimuth pattern, measured in 1978 at 3.025 
GHz on a far-field range, is shown in Fig. 2. In this 
pattern, we note three things: (1) the main lobe is 
squinted off normal (toward the feed end) by an an- 
gle of - 13°; (2) there is an anomalous lobe at -I- 44° 
about 31 dB below the main beam; and (3) the 
wide-angle sidelobes are well below — 50 dB. After 
the array was refurbished for this project in 1983, 
the azimuth pattern was measured on the far-field 
range at 3.0 GHz (Fig. 3). Comparing Fig. 2 with 
Fig. 3 shows good agreement particularly in terms 
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Fig. 2. Azimuth plane pattern of the ULSA talcen in 1978 at 
3.025 GHz. 



of the wide-angle sidelobe levels. In 1989, NIST 
measured the ULSA pattern at 2.9 GHz, 3.0 GHz, 
and 3.1 GHz. We will discuss these results in Sec. 4. 

The AWACS, which NIST measured in 1984, was 
built as an engineering prototype model. It has 
the same aperture dimensions (approximately 
7.6 mx 1.5 m) and number of edge-slotted waveg- 
uides (28) as the production antennas, but uses 
manually driven ("trombone") phase shifters in- 
stead of the electrically controlled phase shifters to 
control the elevation pattern. The sidelobes in the 
azimuth pattern are actually slightly lower than 
those finally designed into the production antennas. 
These patterns cannot be shown because they are 
classified. However, we performed an analysis on 
these data and the uncertainties are approximately 
the same as those for the ULSA measurements. 
Figure 4 is a photograph of the AWACS array 
showing it mounted on the NIST PNF range. 

The main beam radiated by both the ULSA and 
the AWACS is not normal to the array face, but is 
squinted toward the feed end by an angle of [8] 



sin 6 = 



25 






(1) 



where A is the free space wavelength, S is the slot 
spacing, and Ag is the guide wavelength. If we substi- 
tute for Ag for the TEio mode using the results of 
Silver [9], we can rewrite Eq. (1) as 



6 = sin 
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Fig. 3. Azimuth plane pattern of the ULSA taken after refurbishment at 3.0 
GHz. 
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where a is the inside wide dimension of the waveg- 
uide. With this expression, we can predict the 
squint angles for the ULSA array, using a =7.214 
cm and S =5.32 cm, yielding squint angles of 12.7° 
at 3.0 GHz and 9.7° at 3.1 GHz, respectively. Simi- 
larly, we can predict the squint angles of the 
AWACS using a =5.817 cm and 5 =4.55 cm. 

The near-field scanning tests were then per- 
formed for fixed-beam steering directions in accor- 
dance with the selected cw test frequency. When we 
scanned with the A probe we steered the probe pat- 
tern null to be coincident with the test array squint 
angle at each test frequency. The use of such a 
probe and its design is described next. 

2.3 Design of the Difference Probe 

Huddleston has shown that an optimum probe 
pattern can minimize uncertainties in the measured 
test antenna spectrum due to truncation of a finite 
scan plane [10]. The Huddleston probe has a pat- 
tern of increasing directivity for conditions of de- 
creasing scan plane area. For a particular planar 



scanning geometry, the optimum probe concen- 
trates the received power within the available near- 
field sampling grid; that is. 



n \vi.{x,y)f dxdy=P,{\-e\), 



(3) 



where vi^{x,y) is the scan plane voltage, Po is the 
total power radiated into the forward hemisphere, 
and Cxy measures the concentration of |vl(x,>')P. 

The fractional power not concentrated by the 
probe over the finite scan area is Poe%. Upon trans- 
form, the measured coupling product will be an 
aliased version of the true spectrum. The magni- 
tude of the difference between the aliased and true 
spectra has a maximum uncertainty of 
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where \KmJ, = WS^ , 5^ is the x sampling increment, 
\kymsx\ = 7r/5y, 8y Is thc ^ sampling increment, ^l is 




Fig. 4. The AWACS array. 
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the true spectrum, andylb' is the measurement esti- 
mate oiAL- 

Huddleston probes minimize Poe^xy by radiating 
with higher directivity as the ratio of test antenna 
area to scan plane area approaches 1. For low-side- 
lobe antennas, we can extend the optimum probe 
concept by requiring that Eq. (4) apply only over 
the test antenna's sidelobe region. This leads to an 
expression for a near-field scan voltage, based on a 
band-limited version of the reaction integral written 
by Joy, as [11] 



'(x,y) = \ \ 



[hA X 



(BH')]e-'"'^' eC*'^+^*'> dfe Aky , 



(5) 



where w is a spectral windowing function to be im- 
posed on the coupling product spectrum via the 
probe's far-field pattern. For usual broad beam 
open-end waveguide probes, W{kx, ky) = \, and the 
coupling product spectrum yl • {Bw) is band limited 
only by the high attenuation of the evanescent 
modes on the scan plane; that is, yl • {Bw) —> for 
fc > [l-(lcjlcy - (kylkfT and |z| > A. 

However, if w is an intentional stop band in the 
probe pattern (that is, a null region), then the near- 
field coupling product spectrum will be band lim- 
ited by both evanescent cutoff as well as real angle 
filtering. The ideal probe pattern weighting func- 
tion for sidelobe testing is then given by 



W{K,ky) = \ \i kc <\kx,y\<Km2^ym^, sidelobe 
= if ^ \kx.y\^kc, mainbeam 



(6) 



and is sketched in Fig. 5. This pattern is not realiz- 
able for any practical small aperture probe, but a 
useful approximation has been designed and built 
by combining the anti-phased outputs of two 
collinear waveguide elements. This probe has been 
called the difference or A probe. In-phase 
combining of elements produces a sum or 2 probe. 



Approximate 




Fig. 5. The ideal probe pattern. 



Figure 6 shows one of three two-element probes 
built for this project, and Fig. 7 shows a contour plot 
of this probe's measured far-field azimuth pattern 
at 3.1 GHz. The shifted null is accomplished by 
physically steering the A-probe by an appropriate 
angle or by using unequal cable lengths between the 
transition of each waveguide element and an inte- 
gral coaxial hybrid coupler mounted on the probe 
carrier plate. The waveguide elements for the probe 
of Fig. 6 were spaced horizontally by 4.8 cm (0.5 A 
at 3.1 GHz). The unequal length cables to the hy- 
brid combiner provided a fixed null shift coincident 
with the test array's mainbeam pointing direction. 
More commonly, the null coincidence was main- 
tained by mechanically rotating the probe carrier 
plate to fixed null pointing directions and then us- 
ing equal length cables to the hybrid. Of course, we 
must measure two-dimensional vector probe pat- 
terns for all probe-frequency combinations prior to 
near-field scanning. 

2.4 Description of the Measurement Facility 

A typical near-field measurement system can be 
conveniently discussed in terms of three subsys- 
tems: (1) computer, (2) rf source and receiver, and 
(3) mechanical scanner and probe positioner. A 
great deal of variety is possible for each of these 
subsystems. We will describe only the essential fea- 
tures of each subsystem used at the NIST PNF mea- 
surement facility. 

2.4.1 Computer Because of the large amounts 
of data involved, computer control of the measure- 
ment system is essential. In the NIST measurement 
facility, a special purpose microcomputer is used as 
the position controller. The position controller re- 
ceives digital inputs from the x-y position encoders 
(in this case a laser interferometer), controls the 
motor drives moving the probe, and triggers the re- 
ceiver to perform measurements at predetermined 
points. The NIST facility also has a minicomputer 
which records the data on a data storage device, (ei- 
ther magnetic tape or hard disk), monitors the re- 
ceiver and position controller for errors, and 
performs some of the data analysis during the diag- 
nostic tests. A mainframe computer (1983) or 386 
PC (1989) is used for the bulk of the data analysis, 
especially the two-dimensional FFT. 

2.4.2 RF System The basic components of the 
rf system are shown schematically in Fig. 8. They 
are: the transmitting and receiving antennas, isola- 
tors, mixers, variable attenuator and phase shifter, 
receiver, and synthesizer (signal source). The signal 
source must be stable in frequency and power level 
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Fig. 6. The A probe showing both its elements. 
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Fig. 7. Contour plot of the A probe azimuth pattern. 
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Fig. 8. Rf measurement system schematic. 

to minimize its contribution to measurement uncer- 
tainty. Generally, a frequency stability of a few parts 
in 10* and amplitude variations of less than 0.1 dB 
over the total scan time are adequate. Tie scans can 
be used to correct for small amounts of drift which 
are on the order of a few degrees in phase and a few 
percent in amplitude over the total scan time. The 
source power output requirements depend on the 
gains of the AUT and the probe as well as the mixer 
sensitivity. The maximum magnitude of the near- 
field amplitude |feo'(P)|max is approximately given by 



|feofmax=*(Gp/Ga)|aop 



(7) 



where Gp and Ga are respectively the probe and 
AUT gains, and ao is the input amplitude to the 
transmitter. To reduce noise for the low-sidelobe 
measurements, feo'(^)|niax should be at least 65-70 
dB above the noise but also be low enough to be 
within the linear range of the mixer. When the 
probe is cross polarized to the AUT, the maximum 



signal drops to about 30 dB below the maximum sig- 
nal of the co-polarized case. It is desirable for the 
cross-polarized maximum signal to be of the same 
order as the co-polarized maximum signal. This can 
be achieved by increasing ao, by increasing the re- 
ceiver gain, or by some combination of the two. 

A critical requirement of the source, and in fact 
for the complete rf system, is that it be well 
shielded. Signal leakage from the source, transmis- 
sion lines, and input components, or signal pick-up 
by similar parts of the receiving system can cause 
significant measurement uncertainties in the near- 
field amplitude and phase. Tests must be per- 
formed to guarantee that the whole system is well 
shielded and that signals can only be transmitted 
and received via the AUT-probe transmission path. 

The receiver is a very important part of the mea- 
surement system and must accurately measure the 
near-field amplitude and phase of the rf signal over 
a dynamic range of at least 80 dB. It must be stable 
over the time required for near-field scanning, 
which may be hours, and have good linearity and 
resolution in its conversion from rf signal to digital 
output. 

2.4.3 Mechanical Scanner and Probe The me- 
chanical scanner or probe positioner consists of the 
supports, guides and drive motors to move the 
probe over the planar area, the encoders to mea- 
sure the probe position, and the rf transmission line 
to couple the probe output to the receiver. The 
"box frame" design of the NIST scanner, Fig. 9, was 
one of the first PNF range designs. A large, rigid 
frame, constructed from metal I beams, serves as 
the base and support for the two horizontal guide 
rails. Both rails are precision ground, stainless steel 
cylinders supported at intervals of about 30 cm. Pre- 
cision linear ball bearings attach the vertical column 
to the horizontal guide rails. The box frame re- 
quires additional support to maintain a rigid verti- 
cal structure. This is accomplished by attaching it to 
a stable interior wall. 

At the NIST facility an auxiliary linear translator 
has been attached to the AUT to extend the effec- 
tive measurement area, as shown in Fig. 10. The es- 
sential requirement of this linear translator is that 
the translation be precisely known and controlled to 
correctly combine different segments of the mea- 
surement plane. Also, to correctly combine these 
different segments there should be some overlap 
between them. By comparing the amplitude and 
phase of the overlap regions of the different seg- 
ments, we can correct for both amplitude and phase 
drift between segments. 
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ANTENNA ON NEAR-FIELD SCANNER, POSITION I 
Absorber Panels Scan Area ( 3. 85x 4.4m ) Absorber Panels 




ANTENNA ON NEAR-FIELD SCANNER, POSITION 2 




ANTENNA ON NEAR-FIELD SCANNER, POSITION 3 

Fig. 10. Schematic of antenna in three positions relative to the 
scanner. 



A common concern in any scanner is to ensure 
that the rf transmission line between the probe and 
receiver move without causing significant amplitude 
or phase change in the measured data. At the NIST 
facility, the transmission line is supported on a scis- 
sors-arm mechanism so that rotation is of concern 
at only three joints. We use service loops of semi- 
rigid or flexible coaxial cable at these three points 
to produce a stable transmission line. 

3. Preliminary Tests 

Several preliminary, one-dimensional tests are 
performed to determine the required near-field 
spacing, required scan size, the best value of the 
probe-antenna separation distance, and to deter- 
mine the level of the leakage and reduce it if neces- 
sary. These tests can also be used to estimate some 
of the measurement uncertainties. However, two- 
dimensional tests (described in Sec. 4) provide bet- 
ter uncertainty estimates since one-dimensional 
tests assume that the pattern is separable into func- 
tions of A' and Y. Usually, this is only approximately 
true. 

3.1 Test Space 

The test space procedure is used to determine 
the required near-field spacing. It consists of taking 
one-dimensional scans in X and Y with very fine 
spacing ( = 0.05 A). First an FFT is performed on 
the full set of data, then using only every other 
point, then using every third point, and so forth. 
From this, the far-field spectra from various spac- 
ings can be compared. The smallest spacing is as- 
sumed adequate and when the spacing from the 
other FFTs is so large that the spectrum changes by 
more than the desired accuracy a spacing equal to 
or smaller than the next smallest spacing is chosen. 

From these one-dimensional tests we concluded 
that the spacing between near-field data points 
should be about 0.4 Amin in both A' and Y, where Amin 
is the wavelength at the highest measurement fre- 
quency. 

3.2 Test Scan 

The test scan procedure is similar to the test 
space procedure in that one-dimensional centerline 
scans in X and Y are performed. In this case, very 
long centerline scans are performed, and data are 
truncated from the edge in various amounts. As in 
the test space procedure the computed spectra are 
compared and a required scan length determined. 
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The choice of scan area was 10.4 m in Xby 3.8 m in 
Y. 

3.3 Multiple Reflection Tests 

A Z -multiple-reflection test, where data are 
taken as a function of Z at several fixed X and Y 
values, is performed. A separation distance is cho- 
sen to minimize the peak-to-peak variations as a 
function of Z . From these tests the probe-antenna 
separation distance was chosen to be 65 cm for the 
ULSA and 35 cm for the AWACS. 

A second multiple-reflection test is designed to 
estimate the effects on the far field of multiple re- 
flection interactions between the probe and AUT. 
The test is implemented by taking centerline scans 
in both X and Y at several different separation dis- 
tances (see Fig. 11). Consecutive separation dis- 
tances differ by A/8. One of these separation 
distances is equal to the separation distance deter- 
mined using the first Z -multiple-reflection test. 

An FFT is performed on the centerline scans to 
obtain a one-dimensional far field; these far fields 
are averaged together after correcting the phases 
for the different separation distances. This average 
is then subtracted in a complex manner from each 
one-dimensional centerline-scan far field to esti- 
mate the magnitude and character of the multiple 
reflections. Additionally, the average far field can 
be transformed back to the near field to obtain an 



average one-dimensional near field. This average 
can be subtracted from the individual centerline 
near-field scans to obtain the near-field character 
of the multiple reflections. The gain and one-di- 
mensional patterns can be compared and the uncer- 
tainty due to multiple reflections estimated. 

Sample results are shown in Figs. 12-15. Surpris- 
ingly, the character of the multiple reflections bears 
some resemblance to the average far-field pattern. 
We also find that there are two different periods in 
the near-field amplitude and phase multiple reflec- 
tions. The predominant period is twice the spacing 
between elements and corresponds to the spacing 
between elements of the same slant direction (every 
other element). This period is clearly visible in Figs. 
14 and 15. The second period corresponds to the 
spacing between consecutive elements and only be- 
comes apparent in the invisible space part of the 
far-field spectrum (Fig. 16). Each period produces 
distinctive lobes in the computed spectrum. The lo- 
cation of each lobe depends on the corresponding 
periodicity in the near field. The first lobe is due to 
a near-field periodicity of approximately A and oc- 
curs in the computed spectrum at \kx/k\~ 1 (relative 
to the main beam direction) or near = 90°. The 
second lobe is due to a near-field periodicity of ap- 
proximately A/2 and therefore occurs in the com- 
puted spectrum at \kx/k\~2 (relative to the main 
beam direction). This is in the invisible part of the 
spectrum. 
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Fig. 11. Schematic of centerline multiple reflection tests. 
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Fig. 12. Sample result for the far field after averaging for mul- 
tiple reflections. 



OD 
.E 2 



c I 

I 
Q 
a> -I 

"O 

--2 
a. 

E 

<-3 



-5.0-4.0 -3.0 -2.0 -1.0 1.0 2.0 3.0 4.0 5.0 

X position in m 

Fig. 14. Sample multiple reflection near-field amplitude using 
the sum probe. 

















1 


- ^[ d 






if 1 


1 

1 _ _ 






1 1 


vvV^-4«^ 


1 L— 






11' 








^ r 


1 T 








i — 








] 










-90 -72 -54 -36 -I 

Azi 



8 18 36 54 72 90 

mutti in deg 



Fig. 13. Sample multiple reflection spectrum amplitude, using 
the sum probe, relative to the peak average far field for the sum 
probe. 
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Table 1. 

ments 



Summary of two-dimensional near-field measure- 



Fig. 16. Test space far-field spectrum showing multiple reflec- 
tion lobes. 



3.4 Leakage Tests 

Leakage tests are performed by taking centerline 
scans with a termination on the receiving side in 
place of the probe to test for leakage on the receiv- 
ing side and by doing centerline scans with a termi- 
nation on the transmitting side in place of the AUT. 
The significant sources of leakage were located and 
shielded so as to reduce the leakage level to -75 
dB relative to the near-field peak. 



4. Two-Dimensional 
suits 



Measurement Re- 



4.1 Summary of Measurements 

Some two-dimensional near-field measurements 
were performed with each of the probes. In order to 
compare the results and the uncertainties associ- 
ated with each probe there was some overlap in 
these measurements. These measurements are 
summarized in Table I. 

Fewer measurements were performed with the S 
probe. This was because after a few measurements 
this probe was found to behave in a manner closely 
resembling the open-end waveguide. 

Measurements were performed at different dis- 
tances to estimate the effects of multiple reflections 
between the probe and the AUT. 



Fre- 
quency 
AUT (GHz) 



Open-end 
Waveguide 



ULSA 


2.9 




M, Z = 65 cm M,Z= 65 cm 


ULSA 


3.0 


Af , Z = 65 cm 




ULSA 


3.1 


M,Z =65 cm 


M,Z =65 cm M,Z =65 cm 


ULSA 


3.1 


C, Z =65 cm 




AWACS 


F2 


M,Z =35 cm 


M, Z = 35 cm 


AWACS 


F2 


C, Z = 35 cm 




AWACS 


F2 


M,Z= 37.5 cm 


M,Z = 37 .5 cm 



A = measurement with difference probe. 
2 = measurement with sum probe. 
Z = the probe-antenna separation distance. 
M = measurement of main component. 
C = measurement of cross component. 



4.2 Combining Segments 

Both the ULSA and the AWACS have long di- 
mensions which exceed the capability of the NIST 
scanner. It is, therefore, necessary to measure the 
near field of both these antennas in segments and to 
combine these segments into one near field. As dis- 
cussed earlier, the purpose of the linear rails is to 
allow the AUT to be moved while preserving an ac- 
curate knowledge of the .Y-position. 

In order to combine the three segments accu- 
rately we must account for the effects of both ampli- 
tude and phase drift. This is accomplished by 
requiring some overlap between adjacent segments. 
In particular, the measurement was performed with 
adjacent segments having an overlap of five scans 
which were taken vertically. 

A computer program, STITCH, was used to com- 
bine adjacent segments using the following tech- 
nique. The amplitude and phase of the center 
section which contained the near-field peak signal 
was used as the reference. The amplitudes and 
phases of the adjacent segments were compared to 
those of the center segment in the overlap region. 
This comparison was done by computing an ampli- 
tude ratio and phase difference at each point in the 
overlap region. These amplitude ratios and phase 
differences were averaged using a weighting which 
was proportional to the square of the amplitude. 
The amplitudes of each point in the adjacent seg- 
ments were corrected by multiplying by the average 
of the ratio of the center segment amplitude to the 
adjacent segment amplitude. The phases were cor- 
rected by adding the average phase difference. 
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The amplitude correction was a few percent at 
most and the phase correction was a few degrees at 
most. A comparison of two typical overlap scans is 
shown in Fig. 17. 




-1.5 -I 



-0.5 0.5 

Y position in nn 



Fig. 17. A comparison of two vertical scans from adjacent seg- 
ments which overlap, amplitude (top), phase (bottom), scan 1 
(solid line), scan 2 (+ + +). 

4.3 Room Scattering Test 

To estimate the effects of room scattering NIST 
developed a room scattering test, SCAT, which 
takes advantage of the unique feature of the NIST 
facility of being able to move both the AUT and the 
probe in the v^-direction. 

Ideally, to measure room effects one would like 
to move the room while keeping the antennas fixed. 
This is obviously impractical! Instead, we set up a 
test procedure where the antenna and probe were 
moved together in the v^-direction relative to the 
room so that the v^-coordinate of the probe with re- 
spect to the AUT was fixed. A F-scan was taken at 
each v^-position. These scans would be identical if 
there were no room scattering. The room scattering 
can be estimated by obtaining a single average 



y-scan and subtracting it from each of the others; 
an FFT is then performed on the resulting two-di- 
mensional data to obtain an estimate of the room- 
scattering far-field spectrum. 

The results of the tests indicated that the room- 
scattering far field was approximately random (see 
Fig. 1 8) and the peak value was about — 70 dB rel- 
ative to the peak of the AUT's far field. The root 
mean square (RMS) value of the room scattering 
was found to be - 89 dB for the open-end waveg- 
uide and - 94 dB for the A probe. 

4.4 Truncation Tests 

According to Yaghjian [6] we can estimate an up- 
perbound to the uncertainty due to scan plane trun- 
cation by performing an integration of the data 
along the outside edge of the near-field scan area. 
We obtained this spectrum by setting the rest of the 
near-field data to zero and performing the usual 
FFT. The resulting truncation spectra for the az- 
imuth cut are shown in Fig. 19 (for the open-end 
waveguide — AW ACS combination) and Fig. 20 (for 
the A probe-AWACS combination). These plots 
are normalized relative to the AUT's peak far field. 
The A probe is on the whole about 7 dB better than 
the open-end waveguide. The magnitude of the 
truncation spectrum is generally between about 63 
dB and 70 dB below the far-field peak for the open- 
end waveguide and between about 70 dB and 75 dB 
below the far-field peak for the A probe. 

4.5 Simulated Position Error 

To verify the analysis of Yaghjian [6] and Newell 
[7] with respect to position errors some measure- 
ments were done to simulate the effects of periodic 
Z -position errors. The analysis predicts that Z- 
position errors have a smaller effect on the spec- 
trum obtained using the A probe than on the spec- 
trum obtained using the S probe or open-end 
waveguide. Four PNF measurement scans were 
done for this simulation, two for the X probe and 
two for the A probe. Of the two scans for each 
probe, one had no errors introduced and the other 
had periodic errors purposely introduced. These er- 
rors had periods of 2.5 A, 1.67 A, and 1.11 A. The 
magnitude of the error for each period can be found 
in Table 2. In addition. Table 2 contains a summary 
of the spectral location, predicted spectral error, 
and the actual measured errors. 

Table 2 shows that the measured errors are in 
substantial agreement with the predicted. More 
important, as predicted by theory, the simulated 
position error has a smaller effect on the spectrum 
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Fig. 18. Sample scattering far field using the open-end waveguide. Peak is - 70 dB rela- 
tive to the peak AUT far field. 
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Fig. 19. Azimuth cut of the truncation spectrum using the 
open-end waveguide probe. 



obtained using the difference probe than on the 
spectrum obtained from the S probe. Figure 21 
compares the far field with and without errors for 
the 2 probe, and Fig. 22 is the same comparison for 
the A probe. As expected the position errors are 
smaller for the A probe than for the 2 probe. 

Table 2. Predicted and measured errors due to simulated Z- 
position errors 



Period Amplitude 



Measured 

location Predicted Measured 
Probe {kjk) AZ)(dB) AD (dB) 



2.5 A 


0.13 mm 


2 


0.23 


9.5 


9.5 








-0.57 


7.9 


8.6 


1.67 A 


0.25 mm 


2 


0.43 


9.6 


11.9 








-0.77 


7.0 


8.6 


1.11 A 


0.38 mm 


2 


0.73 


7.7 


8.8 


2.5 A 


0.13 mm 


A 


0.23 


0.3 


0.2 








-0.57 


0.25 


0.3 


1.67 A 


0.25 mm 


A 


0.43 


0.3 


0.2 








-0.77 


0.2 


0.3 


1.11 \ 


0.38 mm 


A 


0.73 


0.2 


0.3 
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Fig. 20. Azimuth cut of the truncation spectrum using the A 
probe. 

4.6 Probe-AUT Multiple Reflections 

We can obtain a better estimate of the uncer- 
tainty due to probe-AUT multiple reflections by 
taking a full set of two-dimensional near-field data 



at two different separation distances which differ by 
A/4. Then we average (in a complex manner) the 
two far-field spectra and subtract (again in a com- 
plex manner) the average from each of the individ- 
ual spectra to obtain a multiple-reflection 
spectrum. 

The resulting spectrum for the open-end waveg- 
uide-AWACS combination is shown in Fig. 23 and 
that for the A probe and AW ACS is shown in Fig. 
24. The multiple-reflection spectrum for the A 
probe is 3 dB to 5 dB higher than that for the 
waveguide probe. The multiple reflections associ- 
ated with the A probe are greater because the A 
probe is larger. 



4.7 Data Processing 

For an arbitrarily polarized test antenna, the 
transmitting coefficient for the main and cross 
polarizations are given by Eq. (8a) and Eq. (8b). 
Since the D' and D" terms are scalar quantities, the 
measured far-field polarization of the test antenna 
will be determined by the polarization components 
of the probe calibration files. If the probe and test 
antenna have matched main-polarized components 
and the cross-polarized responses of the probe and 
test antenna are small, we then use Eq. (10a) to 
obtain the main component of the test antenna. 
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Fig. 21. Azimuth far-field cut for the sum probe with simulated position errors 
(dashed line) and without errors (solid line). 



156 



Volume 99, Number 2, March-April 1994 

Journal of Research of the National Institute of Standards and Technology 



Without Z- Position Error 
Periodic Z-Position Error 




k,/k 



Fig. 22. Azimuth far-field cut for the A probe with simulated position errors 
(dashed line) and without errors (solid line). 
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Fig. 23. Multiple reflection spectrum for the waveguide probe 
using data taken from two near-field scans separated by A/4. 



Fig. 24. Multiple reflection spectrum for the A probe using data 
taken from two near-field scans separated by A/4. 
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Near-field centerline amplitude scans for the 
ULSA array as measured by the A probe, the X 
probe, and the open-end waveguide for a Z -separa- 
tion of 65 cm are shown in Fig. 25. The filtering 
effect of the A probe is responsible for the compres- 
sion of the near-field dynamic range as well as much 
of the high-frequency amplitude ripple. Following 
FFT processing, we show the corresponding cou- 
pling product transforms for the open-end waveg- 
uide and the A probe in Fig. 26, plotted over the 
real wavenumber space only (| kx/k\< 1.0). The cou- 
pling product for the S probe differs little from that 
of the waveguide probe and we do not show it here. 
The filtering property of the A probe is clearly visi- 
ble by noting the reduced main beam and sup- 
pressed sidelobes near the main beam. Similarly, 
the S probe filters the sidelobes at wide angles be- 
yond the large anomalous lobe (|fct/A:| >0.8) but is 
accurately measuring the mainbeam region. The 
coupling product spectrum can be probe-corrected 
to obtain the principal azimuth angle pattern of the 
ULSA array. Figure 27 shows the resulting probe- 
corrected far field for the waveguide probe at 3.0 
GHz. 

To certify the measurement uncertainty due to all 
random sources, two-dimensional evanescent 
scanning tests were conducted with the AW ACS 
array. Near-field spacings of 3.81 cm ensured that 
the coupling product spectrum would extend to 
(|/:x/A:| , I ky/k\) = \.\9 at the selected test frequency, 
thus exposing the so-called evanescent spectrum 
whenever [{kjkf + {ky/kff'>\. Because all 
evanescent antenna modes actually radiated by the 



test antenna are attenuated way below the dynamic 
range of the PNF instrumentation only a short 
distance from the antenna, we do not expect to in- 
tercept antenna evanescence during scanning with 
any probe at Z = 35 cm (3.85 A). Therefore, the 
magnitude of the coupling-product spectrum in this 
evanescent region is a direct measure of the far- 
field noise power. 

These evanescent spectra generally show a ran- 
dom distribution of sidelobe peaks in the region be- 
yond the visible space limits, at or below - 80 dB 
for the open-end waveguide probe. For the A probe 
the spectrum is normalized to the peak of the open- 
end waveguide probe; the evanescent sidelobes 
have random peaks below —90 dB. However, in 
both spectra, the evanescent spectra also contain 
distinct sidelobe ridges at about - 55 dB (Figs. 28 
and 29), which cannot actually be radiated because, 
of course, the evanescent PNF are too highly atten- 
uated to be measured at Z = 35 cm. Therefore, 
these evanescent sidelobe ridges must be the result 
of undiagnosed periodic scan-plane error— most 
probably due to unavoidable periodic multipath in- 
teractions. By excluding these ridges, we may com- 
pute the RMS over all remaining evanescent 
wavenumbers, and compare this spectral noise aver- 
age to the peak coupling product mainbeam re- 
sponse. Table 3 contains these measured noise 
ratios for the AW ACS test array. The table shows 
that the A probe AW ACS signal-to-noise ratios are 
better by 12 dB when compared to scanning with a 
standard open-end waveguide probe. 
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Fig. 25. Near-field centerline cut for tlie amplitude using the A probe (dashed 
line), the sum probe (dotted line), and waveguide probe (solid line). 
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Table 3. Predicted and measured signal-to-noise ratios for 
AWACS 

Signal/Noise ratio Spectral ratio 
Probe type Array Measured' (dB) Measured*" (dB) 

Open-end W/G AWACS 82.2 74.2 

Delta AWACS 94.0 89.7 



' Excluding correlated evanescent lobe ridges. 
'' All evanescent space. 



5. Measurement Accuracy 

We used the mathematical analyses of Yaghjian 
[6] and Newell [7] to estimate the uncertainty for 
these measurements. These analyses allow us to es- 
timate upperbound uncertainties for most of the 
possible uncertainty sources of Table 4 (from Table 
I in Newell [7]). 

The sources of uncertainty listed in Table 4 fall 
into two broad categories. The first is uncertainties 
in the probe parameters arising from the measure- 
ments of the probe's gain, polarization, and pattern; 
second, uncertainties in the calculated spectra due 
to uncertainties in the measured near-field data and 
various reflection coefficients. 



Fig. 26. Centerline coupling product amplitude using the 
waveguide probe (top) and using the A probe (bottom). 
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Fig. 27. Probe corrected centerline far-field pattern for the ULSA. 
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Fig. 28. Evanescent spectrum contour plot using the open-end 
waveguide. Note the ridges at KJK= -0.37, 0.64, 0.82, 1.02. 
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Fig. 29. Evanescent spectrum contour plot using the A probe. 
Note the ridge at KJK = 1.02. 

Table 4. Uncertainty sources in planar near-field measure- 
ments 

1. Probe relative pattern 

2. Probe polarization ratio 

3. Probe gain measurement 

4. Probe alignment 

5. Normalization constant 

6. Impedance mismatch factor 

7. Antenna alignment 

8. Data point spacing (aliasing) 

9. Measurement area truncation 



Table 4. Uncertainty sources in planar near-field measure- 
ments — continued 

10. Probe X-Y position uncertainties 

11. Probe Z-position uncertainties 

12. Multiple reflections (probe/AUT) 

13. Receiver amplitude nonlinearity 

14. System phase uncertainty 
Receiver phase nonlinearity 
Flexing cables and rotary joints 
Temperature effects 

15. Receiver dynamic region 

16. Room scattering 

17. Leakage and crosstalk 

18. Round-off in amplitude / phase 



5.1 Probe-Parameter Uncertainties 

Newell [7] has shown that the antenna transmit- 
ting coefficients, tm (main component) and tc (cross 
component), are given by 



tm(K) 



h(K) 



Dim _ DM1 ^(K) 

1 pUk) 



Dim _ D'jK) 
^ s::'(K) sUK) pUK) 
1 Ps(K) 



(8a) 



(8b) 



where D' is the uncorrected (for the probes) far 
field using probe 1 whose main component is in the 
same sense as the main component of the AUT, D" 
is the uncorrected far field using probe 2 whose 
main component is in the same sense as the cross 
component of the AUT, K is the transverse part of 
the wave vector, and p' and p" are the polarization 
ratios of probe 1 and probe 2 respectively. Here- 
after we will drop the explicit use of K. With these 
conventions, when 



and when 



|Ps7p"|< 1 



|p^/p.|< 1, 



(9a) 



(9b) 



where p, = tc/tm, the probe correction equations 
become [7] 






-Dll _ _^ 

Sq J m Ps 



(10a) 
(10b) 
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When the conditions of Eq. (10a) and (10b) apply, 
we can calculate the differential of these equations 
to obtain equations for the fractional uncertainties. 
We find that the fractional uncertainties for tm and 
tc are [7] 



d£2 

tm 



dP' 
D' 



djm 



(lla) 



+ 



tc \ p,pP\D" s'i ) 

\pt(h/ \ (h D Sm I 



The uncertainties in the far field are caused by 
uncertainties in the values of D ', D", 5m, si, and p". 
When Eq. (9a) and Eq. (9b) are valid, the polariza- 
tion ratio of probe 1 ps', has no significant effect on 
either component of the far field. In addition, the 
probe's effect on the AUT cross component de- 
pends on the relative polarization ratios of the AUT 
and probe 2. Since the main-component uncertain- 
ties are proportional to the uncertainties in 5m, the 
uncertainties in the probe gain and pattern have a 
one-to-one correspondence to uncertainties in the 
AUT's main component. Typical uncertainties for 
the probes are given in Table 5. 



Table 5. Typical probe uncertainties 







Standard 




Source of uncertainty 


uncertainty (in 


dB) 


Probe gain 


0.06 




Relative 


probe pattern amplitude 






at - 


-5dB 


0.09 




at - 


-15dB 


0.2 




at - 


-30 dB 


0.9 





If the sum probe or open-end waveguide is used 
to measure the AUT, we expect a standard uncer- 
tainty due to the probe of about 0.06 dB in the gain 
of the AUT. The difference probe, on the other 
hand, has a 30 dB null in the direction of the AUT 
main beam; therefore the standard uncertainty in 
its gain in the direction of the null is about 0.9 dB. 
In addition, A probe steering uncertainties intro- 
duce additional gain uncertainties. Because of the 
sharpness of the null, the steering uncertainty of 



0.5° causes a standard gain uncertainty of 1.6 dB. 
Thus the standard gain uncertainty using the A 
probe is greater than 1.8 dB. 

These probes all have their patterns down by 
about 20 dB from their peak at wide angles, hence 
the standard uncertainty in the amplitude of the 
AUT's pattern at wide angles is about 0.3 dB due to 
uncertainties in the relative patterns of the probes. 

5.2 Near-field Measurement Uncertainties 

In addition to the uncertainties in the probe 
parameters, there are uncertainties in the calcu- 
lated far field due to uncertainties in the near-field 
measurements. 

A number of these uncertainties cannot be esti- 
mated beforehand. They are: (1) the multiple re- 
flection effects because there exists no theoretical 
method to determine the magnitude of the multiple 
reflections between probe and AUT; (2) the 
impedance uncertainties (which affect only the 
gain) because the reflection coefficients and their 
uncertainties are unknown until measured; (3) un- 
certainties due to leakage and crosstalk until they 
are actually measured; and (4) uncertainties due to 
room scattering. Room scattering has not played an 
important role at the NIST facility in the past be- 
cause its magnitude is small but it could be a limit- 
ing factor in measuring low sidelobes. For the 
low-sidelobe measurement, NIST developed a test 
to estimate the effect of room scattering as was de- 
scribed earlier. The implications of the results of 
this test for the measurement accuracy will be dis- 
cussed later. 

The effect of multiple reflection can be estimated 
by taking measurements at several Z -distances, av- 
eraging the results, and subtracting the average 
from the individual measurements. The results of 
these tests were discussed in a previous section. In 
short, the multiple reflection uncertainties were 
greater for the difference probe than for the other 
two probes that were used in the measurement and 
were a function of far-field angle. 

Impedance uncertainties were small and con- 
tributed at most 0.05 dB to the uncertainty in the 
gain of the AUT. 

Leakage and crosstalk were estimated by making 
one-dimensional near-field measurements first with 
a termination on the transmitting side with the 
probe operating normally and then with a termina- 
tion on the receiving side with the AUT operating 
normally. The leakage and crosstalk were 75 dB be- 
low the near-field peak and cause uncertainties in 
the far-field pattern as summarized in Table 6. 
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As indicated in Sec. 4, the peak room scattering 
is -70 dB, and the RMS room scattering is —89 
dB. From this, we obtain the uncertainties in Table 

7. 

Table 6. Far-field pattern uncertainties due to leakage 



Pattern amplitude (in dB) 



Standard 
uncertainty (in dB) 



0. 
-15. 
-30. 
-45. 
-60. 
-75. 



0.0004 

0.003 

0.02 

0.1 

0.2 

2.4 



Table 7. Uncertainties due to room scattering 



Pattern amplitude (in dB) 



Standard 
uncertainty (in dB) 



0. 
-15. 
-30. 
-45. 
-60. 
-75. 



0.0003 

0.002 

0.01 

0.06 

0.3 

1.9 



In principle, data point spacing can be chosen so 
that aliasing is arbitrarily small. However, noise 
and/or rapidly varying systematic errors (for exam- 
ple, multiple reflections) set the practical lower 
limit. If the data spacings in X and Y are & and 8y 
respectively, then the aliased Fourier transform of 
the data Ft{K) in terms of the true FFT is [7] 



fm- 2 H'--^-^'-^) 



(12) 



Aliasing is contributed by terms for which m^O, 
n ^0. The terms m = ±l, n = ±1 are usually the 
only terms which contribute significantly to this er- 
ror. The magnitude of the aliasing uncertainty can 
be estimated using the test space procedure. In this 
test a centerline near-field scan is performed using 
very small spacing between data points. The FFT is 
then performed on the complete set of data, then 
on every other data point, then every third point, 
and so forth. Using these centerline tests we are 
able to determine a data point spacing such that the 
aliasing error is small in comparison to other errors 
for all three probes. The aliasing uncertainty is 
about the same for all of the probes. 



Area truncation has two effects. First, the far- 
field pattern results obtained by Fourier transform- 
ing the PNF data are valid only within the angular 
region defined by the geometry of the antenna and 
the scan area, as shown in Fig. 30. The second effect 
produces uncertainties in the far-field pattern 
within the region of validity. Yaghjian [6] showed 
that we can obtain an upperbound uncertainty from 
a knowledge of the measured data on the boundary 
of the scan area. Denoting the plane-polar coordi- 
nates of the boundary by (p', <^), the normalized 
data on theboundary byB(p', <j)p), the spherical co- 
ordinates in the far field by (d, <}>), the magnitude 
of the electric field by |.E(r)|r^„, and the maximum 
acute angle between the plane of the scan area and 
a line connecting the edges of the antenna aperture 
and the scan area by -/max, we express the fractional 
uncertainty in the far field as 



MiMll < 
D{e,4>) I - 
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Fig. 30. Schematic relationship between the scan length and 
the maximum angle to which far-field patterns can be accurately 
computed. 

In this test an FFT is done on the full set of data, 
then all the data are set to zero except the data at 
the edges and the FFT recomputed. The far fields 
from these two data sets can be compared and used 
to determine the uncertainty due to the truncation 
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of the scan plane. We find that the standard trunca- 
tion uncertainty for the peak of the far field is 0.06 
dB. At 40 dB below the far-field peak the standard 
truncation uncertainty is about 0.3 dB and at 60 dB 
below the far-field peak the standard uncertainty is 
0.9 dB. 

The remaining uncertainties, which are due to 
uncertainties in position, amplitude, phase, and 
alignment, were shown by Yaghjian [6] and Newell 
[7] to have a term in common: they all depend on 
the ratio g(K) of the peak uncorrected far-field am- 
plitude D(Ko) to the far-field amplitude D(K) in 
the direction K. Because the difference probe has a 
null in the direction of the AUT's main beam it 
leads to an uncorrected far field which has a peak 
value which is 25 dB to 30 dB below the peak of 
both the sum probe and the open-end waveguide. 
As a result these uncertainties will be 25 dB to 30 
dB below the corresponding uncertainties for the 
other two probes. 

Position uncertainties (and some other uncer- 
tainties) often concentrate their effects in certain 
directions because of periodicities in the measure- 
ment (for example, the structural supports of the 
scanner). If there is no periodicity then these uncer- 
tainties will add to the noise of the far field. Other- 
wise, the position uncertainties are concentrated in 
the directions sin (y/r,) relative to the direction of 
the main beam, where Ti is the corresponding peri- 
odicity. For antennas in which the main beam is 
steered off axis and for direction angles near the 
main beam, (0-6) < y/(lOL) (L is the maximum 
antenna dimension and ft, is the angle between the 
direction of the Z-axis and the direction of the main 
beam) the uncertainty in the far field is [7]: 



AD(K) 



D(K) 



dB 



^f,m^i"=*«« 



for the X and Y uncertainties, and 

^ 13.5 [^^) cose, g(K) (17) 



AD(K) 
D(K) 



for the Z uncertainties, tj is the aperture efficiency, 
^(K) is the FFT of the X and Y-position errors, and 
& (K) is the FFT of the Z uncertainties. Table 8 
shows the period and magnitude of the position 
errors that are observed for the NIST near-field 
scanner. 

The period of 9.1 m in Table 8 corresponds ap- 
proximately to twice the scanner's height, and 40.5 
cm corresponds to the distance between supports in 
theA'-direction. ForL = 6 m, the largest dimension 
of the ULSA, ti = 0.5, ft, = 12.7° (the location of the 
ULSA main beam), we obtain the uncertainties 
found in Table 9 for the sum and open-end waveg- 
uide probes. 

For the difference probe, a — 40 dB sidelobe 
would have g(K) = 3.2 instead of 100 as is the case 
for the other two probes and a -60 dB sidelobe 
corresponds to g(K) = 32 instead of 1000. This is a 
consequence of the 30 dB null which the difference 
probe has in the direction of the AUT's main beam 
and which reduces the peak value of D (Ko) by 30 
dB. The resulting uncertainties for the difference 
probe are found in Table 10. 



Table 8. Mechanical periods for the NIST scanner 



(14) 



Type of 








Magnitude 


uncertainty 


As a function of 


Periods 


(in cm) 


Z 




X 


none 


0.04 






Y 


9.1 m 


0.06 


Y 




X 


40.5 cm 
91.0 cm 


0.01 
0.01 


X 




Y 


9.1 m 


0.06 



for X and Y uncertainties, and 



AD(^) 



D{K) 



43 



H«--7= (M^)'cos^^^(^) (15) 

dB ^^ \ A / 



for the Z uncertainties. For directions where 
A/(10L) < (0-ft,) < 7r/2 the uncertainty is 



AD(/C) 



T>(K) 



^ 13.5 (^)sinft,g(/i:) (16) 



Table 9. Far-field uncertainties resulting from near-field posi- 
tion uncertainties using sum and open-end waveguide probes 

Direction angle Standard 

Function from Sidelobe uncertainty 

Type variable main beam level (in dB) (in dB) 



z 


X 






noise 




Y 


±0.6 


0.0 


0.05 


Y 


X 


±6.0 


-40.0 


0.2 






±14.0 


-60.0 


1.7 


X 


Y 


±0.6 


0.0 


0.01 
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Table 10. Far-field uncertainties resulting from near-field posi- 
tion uncertainties using the difference probe 







Direction angle 




Standard 




Function 


from 


Sidelobe 


uncertainty 


Type 


variable 


main beam 


level (in dB) 


(in dB) 


Z 


X 






noise 




Y 


±0.6 


0.0 


0.08 


Y 


X 


±6.0 


-40.0 


0.01 






±14.0 


-60.0 


0.09 


X 


Y 


±0.6 


0.0 


0.02 



Because of the difference probe's properties the 
position uncertainties for a - 40 dB sidelobe and a 
— 60 dB sidelobe are greatly reduced in comparison 
to both the sum probe and the open-end waveguide 
probe. 

Amplitude and phase instrumentation uncertain- 
ties arise from receiver nonlinearity, flexing of ca- 
bles and rotary joints, source and receiver drift, and 
temperature drift. The drift amounts to about 0.57 
h. However, we can partially correct for drift by the 
use of tie scans. There is also a 2° to 3° phase uncer- 
tainty associated with the flexing of cables to the 
probe and with the rotary joint. The periods for the 
cable flexing are associated with the X and Y di- 
mensions of the scanner, about 4.5 m in each direc- 
tion. We can partially correct for receiver 
nonlinearity by using a calibration of the receiver 
against a calibrated rotary vane attenuator. Using 
this calibration we can make a first-order correction 
for the nonlinearity of the receiver. The first-order 
correction coefficient for the frequency band of the 
ULSA is 0.01 ± 0.005. Thus 0.005 is the peak resid- 
ual uncorrected nonlinearity. The periods associ- 
ated with this uncertainty depend on the variation 
of the near-field amplitude and phase as functions 
of ^ and Y. The near-field amplitude variation de- 
pends partly on the properties of the probe. The ex- 
pected periods for the sum and open-end 
waveguide probes are 8 m in X and 2 m in y. The 
expected periods for the difference probe are 8 m in 
X and 1 m in y. The upperbound amplitude uncer- 
tainty due to nonlinearity is [7] 



AD (AT) 
D(K) 



< 6U(K)g (K), 



(18) 



AD(K) 
D(K) 



< 13.5 



360 



8(K), 



(19) 



where V(K) is the FFT of the residual phase uncer- 
tainties (including the uncertainty due to cable flex- 
ing). The resulting far-field uncertainties due to 
residual uncorrected receiver nonlinearity in the 
phase and amplitude are shown in Table 11. The 
uncertainties of Table 11 for the -20 dB and -40 
dB sidelobes are less for the A probe but not much 
less because the largest uncertainties lie in the di- 
rection of this probe's null. 



Table 11. Far-field uncertainties due to residual amplitude and 
phase uncertainties 





As a 


Direction 




Standard 




function 


from 


Sidelobe 


uncertainty 


Type 


of 


main beam 


level (in dB) 


(in dB) 


Amplitude 


X 


±0.7 


0. 


0.03 




Y 


±1.3 


-20. 


0.3 






±3.0 


-40. 


3.0 


Phase 


X 


±1.3 


-20. 


1.0 




Y 


±1.3 


-20. 


1.0 



In addition to the above mentioned phase and 
amplitude uncertainties, there is also round-off 
which will contribute to the noise. The near-field 
amplitude is measured on a to 100 linear scale; 
the maximum round-off for the amplitude is 0.05 on 
this scale. The phase is measured in degrees and 
has a maximum round-off of 0.05°. The signal-to- 
noise ratio due to the amplitude round-off is given 
by Newell [7] as 



(^). 



(N/N,) 3 a. 



(20) 



and due to the phase round-off as 



a 



VNJ2 
3 a^, 



(21) 



where U(K) is the FFT of the residual receiver non- 
linearity uncertainty. When A/(10L)< (0- ft,) 
< - v/2 the uncertainty in the phase nonlinearity 
causes a far-field uncertainty which is [7] 



where N, is the number of measurement points 
within the effective area, N is the total number of 
measurement points, and the cr's are the standard 
deviation of the round-off distributions. Since we 
used a spacing of 3.81 cm in both X and Y and a 
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measurement area of about 10.4 m in x by 3.8 m in 
y, then N '="27 500 measurement points. Assuming 
a 50% efficiency for the antenna and using the di- 
mensions of the ULSA we find iVe=2500. With 
maximum round-off of 0.05 for the amplitude and 
0.05° for the phase then a-a = 0.0003 relative to the 
peak and 0-^ = 0.0005 (in radians) and we find (5/ 
iV)a = 82 dB and (5/iV)+ = 87 dB. The total signal-to- 
noise ratio is therefore expected to be about 81 dB. 
A summary of the approximate uncertainties as 
derived from the above tests and analyses is given in 
Table 12. Assuming these uncertainties are inde- 
pendent of each other the total standard uncer- 
tainty is the root sum square (RSS) of these errors. 
This implies that the total standard uncertainty at 

- 55 dB for the waveguide probe is ( + 3.2 dB, - 5.1 
dB) and that for the difference probe is ( + 2.2 dB, 

- 3.0 dB). Uncertainties will exceed this in some di- 
rections where periodicities are larger. 

Our analysis for the NIST near-field facility leads 
us to conclude that it should be possible to accu- 
rately measure (within a few decibels) sidelobes 
down to about 55 dB below the AUT's peak far 
field. 



5.3 



Comparison 
Results 



of Near-Field and Far-Field 



We can now compare the far-field patterns ob- 
tained from the NIST PNF range to those obtained 
by others on a far-field range. When we overlay the 



results of Fig. 27 to those in Fig. 3 we found that 
there is an offset between the two patterns of 0.5°. 
Accounting for this offset and overplotting the two 
results (Fig. 31) we see the two patterns agree quite 
well. At —55 dB the difference between the two 
patterns is generally less than 5 dB, which is within 
the NIST measurement uncertainty. 

Table 12. Far-field uncertainties using the NIST planar scanner 



Uncertainty source 



Standard uncertainties in 
dB for a - 55 dB sidelobe 
Waveguide probe Difference probe 



Truncation 

Aliasing 

Multiple reflections 

Room scattering 
Position 

Amplitude 

Phase uncertainty 

Random noise 
RSS uncertainty 



+ 1.4 
-1.6 

±0.5 

+ 1.4 
-1.6 

±0.2 

+ 2.2 
-2.9 

+ 1.4 
-1.6 

+ 1.4 
-1.6 

±0.4 

+ 3.2 
-5.1 



±0.5 

±0.5 

+ 2.2 
-2.9 

±0.1 

±0.1 

±0.1 

±0.1 

±0.3 

+ 2.2 
-3.0 




-65 -55 -45 -35 -25 -15-5 5 15 25 35 45 55 65 

Azimuth in deg 



Fig. 31. Comparison of far-field patterns determined using the PNF range (solid) and the far- 
field range (dotted line). 
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6. Future Research 

If we could ignore the multiple reflections caused 
by the difference probe, this probe would clearly be 
the best probe to use for these low-sidelobe PNF 
measurements (but not for the gain or main beam). 
However, the effects of multiple reflections are sub- 
stantially worse for the A probe than for the other 
two probes so the A probe proves to be only slightly 
better (about 2 dB) in the level to which it is able to 
distinguish the low sidelobes of the AUT. 

Why a probe or any antenna has particular reflec- 
tion properties is poorly understood. There is only 
a rough approximation for correcting for this effect. 
The argument is usually made that if data are taken 
over enough scan planes and transformed to the far 
field while accounting for the different separation 
distances, and data from the various planes aver- 
aged, then the multiple reflection effects tend to 
cancel. There is no test for determining how many 
different scan planes are adequate for this proce- 
dure. In calculating the far field from near-field 
data, the terms involving multiple reflections be- 
tween the AUT and the probe are ignored. 

It would be desirable to approach the problem of 
multiple reflections from both the experimental and 
theoretical views. From the theoretical view the 
possibility of including the first-order multiple re- 
flection term could be explored. According to Kerns 
[12] the full solution to the transmission equation is 



h ' ys A AAA 

— = 5(')2 7^21 (1 — 5ii R') 5io, 



(22) 



where R' describes the receiving probe as a passive 
scatterer in the transmitting coordinating system, 
and 5ii describes the scattering properties of the 
transmitting antenna. In practice for near-field 
measurements we assume 5ii^'~0. Since multiple 
reflections are obviously present, often it would be 
desirable to know what can be done to solve equa- 
tion (6-1) when 5ii ^VO. 

From an experimental view point it would be de- 
sirable to know which kinds of probes and antennas 
produce larger multiple reflections. This might be 
determined by doing Z -multiple- reflection tests (as 
described in Sec. 3.3) for different combinations of 
AUT and probe. 

7. Summary 

The near-field measurement technique can be 
used to measure sidelobes of very low-sidelobe an- 
tenna arrays. Near 3 GHz the NIST measurement 



facility can measure sidelobes to about 55 dB to 60 
dB below the AUT's peak far field. The main limi- 
tations to accurately determining sidelobes below 
60 dB are multiple reflection effects between the 
AUT and the probe. 

The A probe can be useful in reducing some un- 
certainties, which depend on the quantity g{K). 
However, because higher multiple-reflection effects 
are associated with it, it is only marginally better 
than an open-end waveguide in measuring low side- 
lobes. If multiple reflections could be substantially 
reduced, the difference probe would be an ex- 
tremely useful probe to measure sidelobes below 65 
dB. 

The A probe cannot be used to accurately deter- 
mine the main beam region of the AUT far-field 
pattern. This is because in the region of the A probe 
null, which corresponds to the AUT main beam, 
small uncertainties in steering cause large uncer- 
tainties (1.5 dB or more) in the probe pattern am- 
plitude which in turn causes large uncertainties in 
the probe correction for the AUT main beam. 
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